Cellular stress defense mechanisms have evolved to maintain homeostasis in response to a broad variety of environmental challenges. Stress signaling pathways activate multiple cellular programs that range from the activation of survival pathways to the initiation of cell death when cells are damaged beyond repair. To identify novel players acting in stress response pathways, we conducted a cell culture RNA interference (RNAi) screen using caffeine as a xenobiotic stress-inducing agent, as this compound is a well-established inducer of detoxification response pathways. Specifically, we examined how caffeine affects cell survival when Drosophila kinases and phosphatases were depleted via RNAi. Using this approach, we identified and validated 10 kinases and 4 phosphatases that are essential for cell survival under caffeine-induced stress both in cell culture and living flies. Remarkably, our screen yielded an enrichment of Hippo pathway components, indicating that this pathway regulates cellular stress responses. Indeed, we show that the Hippo pathway acts as a potent repressor of stress-induced cell death. Further, we demonstrate that Hippo activation is necessary to inhibit a pro-apoptotic program triggered by the interaction of the transcriptional co-activator Yki with the transcription factor p53 in response to a range of stress stimuli. Our in vitro and in vivo loss-of-function data therefore implicate Hippo signaling in the transduction of cellular survival signals in response to chemical stress.
Throughout their lives, organisms are exposed to a wide range of harmful substances. These compounds, often referred to as xenobiotics, may enter the body through direct contact, inhalation or ingestion, and can originate from many sources including pharmaceuticals, pesticides, plant toxins and pollutants. The ubiquitous and varied nature of xenobiotic pressure is reflected in the complexity of conserved cellular defense mechanisms that respond to these chemical compounds, and metazoans have thus developed a range of pathways that activate survival responses or trigger programmed cell death to eliminate damaged cells. 1 Xenobiotic pathways control the expression and activation of heat shock proteins, oxidative stress components, DNA repair enzymes, hypoxia response factors and several groups of xenobiotic-metabolizing enzymes. In eukaryotes, environmental challenges that activate stress response programs are relayed through a complex signaling cascade. Some stress pathways respond to very specific compounds, whereas others, such as those depending on Mitogen-activated protein kinases, propagate stress signals from a broad spectrum of stimuli. [1] [2] [3] Despite the importance that stress response pathways play in pharmacology and toxicology, we still have a relatively poor understanding of the complex networks that launch these cellular defense systems.
We performed a quantitative cell-culture RNA interference (RNAi) assay of Drosophila kinases and phosphatases to identify key regulators of stress response pathways that react to chemical insults. Caffeine is one of the most highly consumed drugs in the world, with well-established pharmacological and toxicological properties, making it an ideal compound for examining cellular stress pathways. 4 Caffeine exhibits a broad range of toxic effects in both organisms and cell culture systems, including inhibitory effects on protein and DNA synthesis, disruption of DNA repair mechanisms and induction of apoptosis. Caffeine is a xanthine alkaloid compound that induces a strong detoxification response in flies, 5 and this response is-at least in partmediated by the CncC/Keap1 pathway. 5, 6 In addition, caffeine acts as an antagonist of adenosine receptors in the brain, resulting in increased dopamine activity. 7 In our screen of the Drosophila kinases and phosphatases, we identified essential modifiers of the survival response to caffeine-induced stress, and remarkably, we noticed these modifiers were 10.7-fold enriched for core components of the Hippo pathway. The Hippo pathway is best known for its role in regulating cell growth, proliferation and survival, 8 but in this study, we examined whether Hippo signaling modulates cellular stress responses.
In Drosophila, the core components of the Hippo pathway are the Ste20-like kinase Hippo (Hpo) and the nuclear Dbf2-related kinase Warts (Wts). Upon upstream signaling, Hpo interacts with the scaffold protein Salvador (Sav) to phosphorylate and activate Wts and its cofactor 'Mob as tumor suppressor' (Mats). Activated Wts phosphorylates the transcriptional co-activator Yorkie (Yki). Phosphorylation of Yki results in its retention in the cytoplasm, thus blocking its transcriptional activity. 9 When Hippo signaling is inactive, Yki localizes to the nucleus where it forms complexes with transcription factors such as Scalloped, [10] [11] [12] Homothorax 13 or Mad 14 to activate the expression of target genes that promote cell growth, survival and proliferation. 15 Yki therefore acts as a growth promoter, whereas Hpo, Wts, Mats and Sav are considered tumor suppressors.
The Hippo core cassette is either activated by signals from the Expanded/Merlin/Kibra (Ex/Mer/Kibra) protein complex [16] [17] [18] [19] or from the large atypical cadherin Fat (Ft). 20 Ex relays cell surface signals from the trans-membrane polarity protein Crumbs, [21] [22] [23] whereas Mer is thought to promote Wts plasma membrane recruitment and activation. 24 The Ft atypical cadherin and its ligand Dachsous (Ds) represent another upstream influence on Hippo signaling. Upon binding to Ds and subsequent phosphorylation by the kinase Disc Overgrown (Dco), Ft is thought to antagonize Wts degradation via the myosin Dachs. 25, 26 Finally, the actin cytoskeleton has been reported to promote Yki activity (or that of its mammalian counterpart YAP -Yes-activated protein), representing a possible mechanical input into Hippo signaling. [27] [28] [29] [30] Although some key molecular mechanisms that regulate Hippo signaling have been identified, many aspects of how these are modulated under physiological or stress conditions remain poorly explored.
In this report, we describe a cell culture-based RNAi screen that identifies the Hippo pathway as a key modulator of cell survival and tissue homeostasis in response to chemical insults. We show that upon stress stimulation, Yki interacts with the stress-responsive transcription factor p53, [31] [32] [33] and that the Hippo kinase cascade restrains Yki/p53 activity. Loss of Hippo pathway components leads to dramatic p53-dependent apoptosis and tissue ablation in response to xenobiotic challenge. We suggest that Hippo signaling is required for maintaining tissue homeostasis and promoting cell survival in response to xenobiotics and other forms of stress.
Results
An in vitro assay for cellular modulators of caffeinemediated stress. To identify novel components acting in stress response pathways, we developed an in vitro assay for measuring cell survival in response to chemical insults. Specifically, we used increasing concentrations of caffeine as a source of xenobiotic stress to challenge Drosophila S2 cells (Schneider 2, derived from embryonic hemocytes). This allowed us to define caffeine levels that trigger a twofold increase in cell death after 24 h of stimulation (Figures 1a and b) , which we monitored through a luminescence-based viability assay that detects ATP concentrations (see materials and methods).
We then tested whether this assay could be adapted to a multi-well format in order to conduct a screen for modulators of caffeine-induced cell death. As positive controls, we depleted the Drosophila effector caspase drICE and the Nedd2-like caspase (Dronc), which should result in reduced levels of cell death. We assayed the effect of an individual dsRNA in the presence and absence of caffeine (each in duplicate), and calculated the death index for each dsRNA as the ratio of cell viability of untreated versus caffeine-treated S2 cells. As expected, we found that the RNAi-mediated knockdown of drICE and Dronc protected cells against caffeine-induced cell death, but exhibited no apparent effect on the viability of untreated controls (Figure 1d ). Conversely, knocking down Drosophila inhibitor of apoptosis (DIAP1) as a negative control increased caffeine-dependent cell death sixfold compared with controls ( Figure 1d ). From these observations, we concluded that our plate-based RNAi approach was sufficient to identify modifiers of caffeine-induced cell death.
Primary RNAi screen in Drosophila S2 cells. To identify novel signaling components of cellular stress responses, we used dsRNA libraries targeting Drosophila kinases and phosphatases. We screened 524 dsRNA (Supplementary  Table S1 ) in S2 cells in quadruplicate in the presence or absence of caffeine for either 3 or 24 h. We calculated caffeine-induced ATP decrease as a ratio of the mean ATP levels without caffeine treatment to the mean ATP concentration of cells treated with caffeine, which we refer to here as the ATP/death index ( Figure 1c) . We then plotted the median ATP/death index for each dsRNA relative to a non-silencing dsRNA control (directed against GFP) and determined confidence intervals for enhancers and suppressors of caffeine-induced changes in ATP. Thus, we expected that, under caffeine stress, cells depleted of pro-survival gene products would exhibit higher ATP/death indices, whereas depletion of pro-death gene products would exhibit reduced ATP/death indices relative to controls. We calculated z-scores for all dsRNAs to establish thresholds of significance and to enable plate-to-plate comparisons.
Figures 1e and f show a representative 96-well plate from the screen, where we identified PRL-1, the only fly homolog of the human oncogenic protein-tyrosine phosphatases (PRLs), as a pro-death gene with an ATP/death index 495% confidence. Human PRL-3 is a target of the stress response transcription factor p53 and it participates in the p53-dependent response to genotoxic stress. 34 PRL-1 was previously reported to inhibit growth and proliferation and to act as a negative regulator of the oncogenic and anti-apoptotic 'C-terminal Src kinase' (Csk) in Drosophila 35 as well as in mammals. 36 Consistent with this, we identified Csk as a prosurvival gene in our RNAi screen, also with 495% confidence. Taken together, our strategy was suitable for identifying both pro-survival and pro-death genes, although we found that our final list of significant hits is enriched for pro-survival genes ( Figure 2 ).
In total, our RNAi screen yielded 54 genes with z-scores that had 495 or 499% confidence intervals (Figure 2 ). Of the 524 dsRNAs we analyzed (Supplementary Table S1), we identified 28 genes for each time point (3 and 24 h) that acted as prosurvival modifiers in the RNAi screen, resulting in a total of 51 Hippo pathway controls stress responses F Di Cara et al unique genes (5 genes were found at both time points: CycA, CycT, sds22, warts and CG9324). In contrast, the screen yielded only two and one pro-death genes at 3 and 24 h, respectively, resulting in a total of three unique genes.
Secondary RNAi screen in Drosophila. To validate our cell-based screen, we performed an in vivo RNAi counterscreen for each of the 54 hits. For this, we crossed fly stocks obtained from the Vienna Drosophila Resource Centre (VDRC) library to a total of five different GAL4 drivers, which allowed us to produce dsRNA in specific tissues for each of the 54 genes. We triggered RNAi in the gut (Mex-Gal4), the Malpighian tubules (C724-Gal4) and in the fat body (CgGal4), which represent key tissues required for xenobiotic metabolism, and should thus contribute to cellular survival in the presence of xenobiotic compounds such as caffeine. This approach allowed us to quantify lethality rates by scoring for adults that survived from a defined population of eggs ( Figure 3a ). In addition, we assessed the effects of RNAi depletion in eye imaginal discs using an eyeless Gal4 driver (ey-Gal4). The proliferation and apoptosis patterns for the Drosophila compound eye are well defined. In addition, the adult eye is dispensable for survival under laboratory conditions, making it an ideal tissue for identifying loss-offunction phenotypes that result from increased cell death (Figure 3b ). Finally, we also examined the effects of producing dsRNA ubiquitously for each of the 54 candidate genes, by way of the actin-Gal4 driver. This served to assess whether the RNAi transgene elicited expected phenotypes, and to establish a reference that could be compared with the tissue-specific knockdowns. For this secondary screen, we placed 3 × 50 eggs for each cross (5 Gal4-drivers × 54 RNAi lines = 270 crosses) on fly media that contained either 0 or 4 mM caffeine. In addition, we tested media containing another compound, phenobarbital (PB), to examine whether responses were specific to caffeine or of a more general nature. Like caffeine, PB is a potent inducer of detoxification responses in the fly, 37 but its biological activity is based on a different mechanism, because PB acts by stimulating GABA receptors. We then scored for obvious phenotypes (morphological changes and lethality) on either media type. Of the 54 RNAi lines we tested, 34 crosses displayed lethality when RNAi was triggered ubiquitously, and another 2 crosses (otk and sds22, see Table 1 ) exhibited lethality only when reared on caffeine-or PB-containing media. When we tested the same 54 RNAi lines with tissuespecific Gal4 drivers, we found six lines that caused lethality regardless of whether PB or caffeine was present, while a total of 14 lines exhibited drug-specific phenotypes ranging from lethality to eye phenotypes (Table 1) . In all 14 cases, a caffeine-induced phenotype was mirrored by a corresponding PB-dependent defect, although differences in the class or strength of a given phenotype varied with the drug being used. Using two structurally different drugs not only confirmed our findings, but also strongly suggested that our caffeine-based results are representative of a general xenobiotic response. Our secondary screen validated a total of nine prosurvival genes associated with tissues that metabolize xenobiotics: three genes with specific roles in the midgut (dnk, PhKγ, sds22), two in the fat body (CycT, Pp2A-29B), three in the Malpighian tubules (CanA1, Csk, mRNA-cap), and one that appears to be important in both, the Malpighian tubules and the midgut (Tie) ( Figure 3a and Table 1 ).
When we assessed the effects of RNAi depletion of candidate genes in the eye tissue, we identified eight genes with drug-dependent phenotypes, three of which were also identified in the tissues with xenobiotic functions (dnk, mRNA-cap, sds22), whereas the remaining five appeared to be unique to the eye (Adk2, dco, otk, polo, warts) ( Figure 2b and Table 1 ). Taken together, the secondary in vivo RNAi screen validated 14 genes out the 54 hits from the primary in vitro RNAi screen and identified tissue-specific roles for each gene during druginduced stress. Our results also indicate that these genes might act in a general stress response pathway, as two independent drugs caused comparable results.
The Hippo pathway promotes cell survival in response to chemical stress. To investigate potential relationships among the 14 genes that remained after our secondary screen, we mapped the genetic and physical interactions into a representative network by utilizing databases of reported and predicted interactions 38, 39 ( Figure 4a) . Remarkably, the majority of our strongest screen hits were associated with the core kinases of the Hippo pathway. 8 We found that of the 524 kinases and phospatases in our library, 14 genes were annotated as part of the Hippo pathway interactome (2.66% of the library). We initially identified 54 candidate hits out of the 524 original genes in the primary screen, and 6 out of the 54 hits were reported as part of the Hippo interactome (11.1%). In our secondary screen, we confirmed 14 out of the 54 initial hits and 4 out of these 14 hits have been reported as Hippo pathway modulators (28.6%). Thus, after two rounds of screening, Hippo pathway modulators were enriched 10.7-fold.
In particular, we identified Warts (Wts), a Ser/Thr kinase acting directly downstream of Hpo, and Discs Overgrown (Dco), also a Ser/Thr kinase, which is known to promote Wts activity downstream of Ft. 9 We also identified the known Hippo pathway modulators Pp2A 40 and Csk. 41 Although the Hippo signaling pathway is best characterized for controlling tissue size, some work in Drosophila has linked the pathway to genotoxic stress 42 and alcohol-induced stress. 43 These studies, however, did not propose a molecular mechanism that could explain the role of Hippo as a modulator of stress response pathways.
Our screen revealed that the depletion of wts and dco affected cell survival in vitro (Figure 2) , and caused almost complete ablation of the adult eye upon caffeine treatment in vivo (Figure 3b ). We therefore examined whether the depletion of Hpo kinase would result in a comparable phenotype, to establish whether or not the caffeinedependent wts-and dco-RNAi phenotypes were related to their reported functions within the Hippo pathway. 9 To this end, we depleted hpo specifically in the developing eye (ey4hpo-RNAi) of Drosophila larvae reared on regular or caffeinesupplemented food ( Figure 4b ). As expected, we found that interfering with hpo in eye imaginal discs resulted in overgrown eye tissue on regular food. Strikingly, when animals of the same genotype were grown on caffeine-containing food, adult eye formation was completely abolished (Figure 4b) . Thus, the core kinases of the Hippo pathway, Hpo and Wts, are required to maintain tissue integrity in response to caffeine-induced stress.
To confirm our data, we analyzed the effect of caffeine on hpo, wts and dco mutant cells generated using the FLP-FRT system. Mutant tissues were generated in the eye using Flipase expression controlled by the eyeless promoter (eyFLP) and marked by the loss of eye pigmentation in the adult eye. Clones of cells homozygous for the dco 3 allele were List of genes identified in the secondary in vivo RNAi screen. Phenotypes associated with rearing flies on caffeine-and phenobarbital-containing media are listed for individual Gal4-drivers that express dsRNA either in specific tissues or ubiquitously. To highlight tissue-specific effects of the drugs, we used bold face for caffeine-dependent phenotypes and underlined text for PB-specific effects
Hippo pathway controls stress responses F Di Cara et al eliminated in eyes of flies reared on caffeine food (area highlighted by dashed line), whereas mutant cell clones survived when animals were raised on regular food (Supplementary Figure S3A) . Similarly, cell clones homozygous for wts or hpo were either sparse or absent in eyes of flies grown on caffeine food, in contrast to the strong overgrowth of these clones in flies fed on regular medium (Supplementary Figure S3A) . Our data gathered from the dco, wts and hpo mutant clones therefore were consistent with our results obtained from RNAi-depleted tissues, with both approaches revealing strong caffeine-dependent phenotypes. As Dco is known to promote Wts activity downstream of Ft, 44 we tested the effect of ft knock down in the developing eye of animals in the presence or absence of caffeine. This resulted in a slightly rough eye phenotype in caffeine-treated animals (data not shown). It was possible, however, that the ftRNAi lines were not very effective inhibitors of ft function, prompting us to further examine the role of Ft using the FLP-FRT system to generate clones of cells homozygous for a ft mutant allele (fat fd ) in developing eye. We observed that the majority of ft mutant clones were absent in adult mosaic eyes of animals raised on caffeine media (area highlighted by dashed line in Supplementary Figure S1C) , whereas ft mutant clones were abundant and enlarged in animals raised on regular food, as expected (Supplementary Figure S1C) . Thus, the role of Dco in promoting cell survival under stress is likely dependent on the activation of Ft to modulate the Hippo pathway stress response. Hippo kinase is activated by caffeine-induced stress. We examined whether caffeine could promote activation of Hippo kinase in vivo. We monitored the phosphorylation status of residue T195 in the kinase domain activation loop, which is required for Hpo activity. 42 We analyzed the levels of phosphorylated Hpo kinase by western blotting, and compared control animals (third instar (L3) larvae of ey4w 1118 ) fed with 0 or 4 mM caffeine. In agreement with the notion that many pro-apoptotic stimuli can promote Hpo or mammalian MST1/2 activation, 42, 45, 46 we found markedly higher levels of phospho-Hpo in extracts of eye imaginal disc isolated from larvae reared on a caffeine diet compared with controls (Figure 4c ), indicating that caffeine promotes the activation ( = phosphorylation) of Hpo kinase.
Once we had established that the Hippo pathway was involved in the cellular response to caffeine, we performed genetic interaction experiments to examine the relationships between dco and the principal kinases acting in the Hippo cassette. When we co-depleted hpo and dco in the developing eye of larvae raised on normal food, we observed a tissue overgrowth phenotype, consistent with the downregulation of Hippo signaling. When these ey4hpo/dco-RNAi flies were raised instead on caffeine media, the eye tissue was completely ablated, similar to what we observed when dco or hpo were knocked down individually (also on caffeine media). However, when we overexpressed a hpo cDNA in an ey4dco-RNAi background, we observed a dramatic rescue of eye development in caffeine-fed flies compared with dco-RNAi alone (Figure 4d ), suggesting that Dco acts through Hippo or in a parallel pathway to respond to xenobiotic stress. This is consistent with the notion that Ft/Dco signaling can promote Wts activity by increasing its stability.
Hippo signaling inactivates the transcriptional co-activator Yorkie (Yki) via phosphorylation at three sites. 47, 48 We therefore tested the involvement of Yki in caffeine-induced toxicity. Consistent with its role as a growth-promoting factor, eye-specific loss of yki function via RNAi resulted in a small eye phenotype on regular food and in the presence of caffeine ( Figure 4b ). As depletion of hpo kinase results in the hyperactivation of Yki, we hypothesized that the abrogated eye development observed in ey4hpo-RNAi or ey4wts-RNAi flies grown on caffeine was a consequence of increased Yki activity. As previously reported, 49 eye-specific overexpression of yki causes overgrowth of eye tissue (Figure 4d ). When flies of the same genotype were reared on caffeine food, they displayed abnormally round eyes, which were also rough and appeared to contain less pigment, suggesting that caffeine exposure reduced the eye overgrowth phenotype because of increased apoptosis (Figure 4d ). This was a surprising observation, as Yki is known to promote the expression of DIAP1, the principal Drosophila caspase inhibitor, which is expected to render cells more resistant to apoptotic signals.
When a yki cDNA was overexpressed in an ey4dco-RNAi background, the overgrowth phenotype was slightly more pronounced compared to yki overexpression alone on regular food, however, eye development was completely abolished when ey4dco-RNAi; UAS-yki-cDNA flies were reared on caffeine. These data may suggest that when Yki alone is overexpressed, the Hpo kinase cascade is still intact and therefore able to rescue some cells by silencing Yki under caffeine treatment. Thus, when dco is inactivated in the presence of overexpressed yki, the core kinase cascade would no longer be able to restrain Yki activity, thereby uncovering a pro-apoptotic function for Yki under stress conditions. In Drosophila, the best-characterized transcriptional partner of Yki is Scalloped (Sd), a TEAD/TEF protein family member. 10, 11 We therefore wanted to test whether Sd functions in conjunction with Yki in mediating the pro-apoptotic response to caffeine. Depletion of sd via RNAi caused a small eye phenotype as previously reported 12 in flies raised on regular media; however this small eye phenotype was not altered on caffeine media. We then analyzed the effect of sd depletion in an ey4dco-RNAi background, which showed that while flies reared on regular food developed relatively normal eyes (resembling the ey4UAS-dco-RNAi phenotype), flies grown on caffeine media failed to develop eyes, similar to what we observed when dco alone was depleted (Supplementary Figure S2) . When ey4wts/sd-RNAi flies were reared instead on caffeine media, eye tissues were completely ablated, again similar to what we observed when wts alone was knocked down in flies reared on caffeine media. Finally, we depleted sd and hpo together in the developing eye of Drosophila larvae reared on regular or caffeine food (Supplementary Figure S2) . As previously observed, 12 we found that the co-depletion of sd and hpo in eye imaginal discs resulted in overgrown eye tissue on regular food. Strikingly, when animals of the same genotype were reared on caffeine-containing food, adult eye formation was completely abolished, as is the case when hpo alone is depleted (Supplementary Figure S2) . Taken together, these data strongly suggest that Sd is not required for the Ykimediated pro-apoptotic response to caffeine.
Caffeine induces apoptosis by activation of p53. Herein and in previous work, we have established that caffeineinduced stress ultimately leads to apoptosis in a cell culture system (Figure 1b) and in live animals. 50 To test whether the loss of eye tissue in caffeine-reared ey4dco-RNAi animals is a consequence of increased apoptosis, we ectopically expressed the anti-apoptotic p35 gene in this background. p35 expression resulted in a complete rescue of the caffeinedependent disruption of eye development, demonstrating that excessive apoptosis was responsible for the lack of eye tissue (Figure 5a ). This was also the case when we expressed p35 in an ey4wts-RNAi background (Supplementary Figure S1B) . We did not observe any rescue in control flies that expressed EGFP instead of p35 as a second transgene in ey4dco-RNAi flies. Similar to the p35 rescue, expression of a dco-cDNA in ey4dco-RNAi flies also rescued the eye phenotype in the presence of caffeine (Figure 5a ).
Multiple reports suggest that, under some forms of stress, the mammalian Yki ortholog, Yes-associated protein (Yap) switches from an anti-apoptotic to a pro-apoptotic function. [51] [52] [53] [54] [55] [56] [57] In many of these cases, this pro-apoptotic function has been linked to YAP's ability to bind to p73 and promote p73-dependent gene expression. As Drosophila p53 is most closely related to mammalian p73, we tested the involvement of Drosophila p53 in caffeine-induced toxicity. We observed that co-depleting p53 with either ey-wts-or ey-dcoRNAi completely rescued the caffeine-dependent eye ablation phenotype (Figure 5b ), suggesting that Hippo signaling normally suppresses p53-dependent apoptosis in response to caffeine. As several mammalian reports indicated a stress-dependent interaction between YAP and p73, we tested whether Drosophila p53 was associated with Yki under various stress conditions. We performed co-IP experiments in S2 cells between Yki and p53 upon caffeine stimulus. We observed that p53 interacted robustly with Yki when cells were treated with caffeine, whereas the interaction was not detected in untreated cells (Figure 6a) . We then examined whether this interaction would occur under a range of stress stimuli. Interestingly, we observed a Yki-p53 interaction upon treatment with cadmium chloride and sodium arsenate, which are both known to generate oxidative stress in cells, as well as UV irradiation and heat shock treatment (Figures 6b and d) . Thus, Yki may function as part of a proapoptotic complex with p53 that forms upon treatment with a range of stimuli. One of the best-characterized transcriptional targets of p53 encodes the pro-apoptotic protein Reaper (rpr), which promotes apoptosis by antagonizing DIAP1 function. 33, 58 This prompted us to measure the expression of rpr transcripts in dco-or wts-depleted larval heads using ey-Gal4 as a driver, as well as controls (Figure 5c ). Interfering in this manner with Wts or Dco function led to an increase in rpr expression, suggesting that the Hippo pathway normally functions to restrict p53 activity in larval eyes. Taken together, our results indicate that stress stimuli such as caffeine promote cell death via the formation of a p53/Yki complex. The Hippo core kinase cascade normally dampens this pro-apoptotic response, thus preventing excess apoptosis triggered by stress-induced Yki/p53 activity ( Figure 7 ).
Discussion
Our screen identified the kinases Wts and Dco, both members of the highly conserved Hippo pathway (MST1/2 in humans). The dramatic tissue overgrowth phenotypes associated with loss-of-function mutations in any of these pathway components demonstrates their potent tumor suppressor activity. 8 Indeed, we observed this striking overgrowth phenotype in eye tissues when we triggered RNAi against dco and wts (Figure 3b) . Remarkably, when ey4dco and ey4wts-RNAi animals were instead reared on caffeine-containing media, the eye tissue was perfectly ablated. These findings corroborate the idea that the Hippo pathway plays an important role in mediating responses to xenobiotic stress. Activation of Hpo kinase occurs through phosphorylation of its kinase domain (on T195), 42 and consistent with this, we found increased levels of phosphorylated Hpo in flies fed with caffeine, suggesting that drug exposure promotes Hpo activation.
As the primary function of the Hippo pathway is associated with growth control, we tested whether caffeine-induced stress affects other growth control pathways during eye development. Importantly, when we manipulated the levels of Insulin-like receptor (InR) 62 (Supplementary Figure S1A) , a well-known regulator of growth, we observed no caffeine-dependent phenotypes, indicating that cellular growth pathways per se are not involved in the response to chemical stress.
The key target of the Hippo kinase cascade that effectuates growth control is Yki, a transcriptional co-activator. 63 Yki has been classified as an oncogene, as it promotes proliferation and growth under normal conditions, and thus inhibits apoptosis. 15 Consequently, inactivation of the core kinase cascade causes tissue overgrowth because of Yki derepression. If the caffeine-dependent ablation of eye tissue we observed in hpo-or wts-RNAi animals were indeed a consequence of Yki activity, then one would expect Yki overexpression (ey4yki-cDNA) to produce a comparable eye phenotype. However, although the level of overgrowth caused by yki overexpression is reduced in the presence of caffeine, the reduction in eye size is not as dramatic as that observed in ey4dco-RNAi or ey4hpo-RNAi animals (Figure 4d) . A plausible explanation is that Hpo signaling is still operational in ey4yki-cDNA flies and therefore can still partially repress overexpressed Yki, therefore dampening the effect of caffeine treatment on cell viability. Consistent with this idea, we find that Yki overexpression in an ey4dco-RNAi background resulted in complete eye ablation on caffeine (Figure 4d) . Thus, we hypothesize that Yki may act as either a pro-growth or proapoptotic factor dependent on cellular context.
The mammalian homolog of Yki, YAP, is capable of interacting with a range of transcription factors and target genes, depending on the cellular context. For instance, YAP interacts with TEAD transcription factors (Transcriptional enhancer activator domain-Scalloped in flies) to stimulate the expression of growth-promoting and anti-apoptotic targets, thereby driving cell proliferation and survival. [10] [11] [12] In contrast, when cells are chemically stressed via cisplatin treatment, YAP binds to and stabilizes the p53 family member p73, thus promoting pro-apoptotic gene expression. [52] [53] [54] Similar to the YAP/TEAD pro-growth/survival function, the pro-apoptotic role of YAP/p73 is suppressed by the core Hippo signaling cascade. 51, 56 Drosophila has a single member of the p53 family, p53, 31, 33 which regulates cell death and differentiation pathways. 32 Drosophila p53 is most closely related to mammalian p73. We observed that co-depleting p53 in combination with either wtsor dco-RNAi completely rescued the caffeine-dependent eye ablation phenotype (Figure 5b ), whereas sd co-depletion with wts, hpo or dco had no effect (Supplementary Figure S2) . This suggests that Hippo signaling normally suppresses p53-dependent apoptosis in response to caffeine. On the basis of the YAP/p73 interaction, we hypothesized that Yki might bind to p53 and drive the expression of pro-apoptotic genes. Indeed, in the presence of different cellular stress stimuli, Yki co-immunoprecipitates with p53 in Drosophila S2 cells ( Figure 6 ). Moreover, wts or dco depletion increased reaper mRNA levels in animals reared on normal food (Figure 5c ), consistent with the finding that reaper is a p53 target gene. We therefore reason that the activation of the Hippo pathway is required to restrain p53/Yki-induced apoptosis when cells are exposed to chemical stress (Figure 7) , thereby preventing excess cell death and potentially allowing for subsequent tissue repair.
Interestingly, we have previously shown that upon γ-irradiation, which also activates Hpo, loss of the core kinase cascade protects rather than sensitizes wing disc cells against p53-dependent apoptosis. 42 This suggests that the contextdependent role of YAP in preventing or promoting stressinduced apoptosis is conserved in Drosophila Yki. The exact molecular nature of the context-dependent cue(s) that determine this 'apoptotic switch' 57 remain to be established, but are likely to involve posttranslational modification of Yki and/or p53, as well as the activation status of other signaling cascades, such as the JNK pathway 64 or c-Abl, 65 both of which have been shown to drive YAP-dependent apoptosis. The conserved nature of this dual behavior of Yki in damage response may reflect its proposed ancient function as a mediator of tissue damage repair. 66 This decision-making process may lie at the heart of the choice each damaged cell must make between survival and repair or undergoing apoptosis in case of irreparable damage. Given the mounting evidence that YAP is activated and promotes oncogenic transformation in a broad spectrum of tumors, 67 the elucidation of this switch mechanism may offer therapeutic opportunities by tipping the balance between life and death of tumor cells.
Materials and Methods
Cell culture. Drosophila S2 cells were cultured at 25°C in HyQ TNM-FH medium (GE Healthcare Life Sciences, HyClone Laboratories, Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen), 50 g/ml of penicillin and 5 g/ml streptomycin (GIBCO, Life Technologies Inc., Burlington, ON, Canada). Serum-free S2 cells were grown in SFX-INSECT medium (Hyclone) supplemented with 50 g/ml of penicillin and 5 g/ml streptomycin (GIBCO).
Caspase activation assay. S2 cells (5 × 10 5 cells/well in 6-well plates) were treated with 0, 24 or 64 mM caffeine (Sigma-Aldrich Canada Co., Oakville, ON, Canada) for 24 h to induce caspase activation. Each concentration was tested in triplicate in three independent experiments. Caspase-3/7 like activation was quantified using a fluorescence-labeled DEVD peptide substrate assay (Sigma-Aldrich Canada Co.). Fold caspase-3/7 like activity was calculated as the ratio between the mean caspase-3/7 activity of cells treated with 24 mM (or 64 mM) caffeine and the cells treated with 0 mM caffeine. The kinome and phosphatome library used in this screen was extracted from a genome library described previously. 59 Drosophila S2 cells (10 5 cells/well in 96 wells) were incubated in serum-free culture media with 10 g/ml dsRNA at 25°C for 3 days. Each source plate was transfected in quadruplicate. Subsequently, cells in two plates were treated with 24 mM caffeine for 24 h. The screen was repeated in the presence of caffeine for 3 h. Cell viability was assessed by measuring cellular ATP levels (CellTiter-Glo luminescent cell viability assay; Promega Corporation, Madison, WI, USA). ATP concentrations were normalized to the mean ATP concentration of the mock non-silencing dsRNA control (directed against GFP) in the same plate. ATP concentrations were averaged for replicate plates. The mean ATP values with and without treatment were used to determine the death/ATP index for each dsRNA. The death/ATP indices were defined as the ratios of ATP values from cells without caffeine treatment to the ATP values from cells stimulated with caffeine. The analysis assigned to the mock non-silencing dsRNA (GFP) a death/ATP index value of one. We applied z-score analysis to normalize death indices across the entire screen. The z-scores were calculated by subtracting the death index value for each dsRNA by the plate median value and dividing by the standard deviation of the plate. The z-scores assume normal distribution and represent the standard deviation of every death index from the plate median for each dsRNA treatment. Z-scores above 2.58 and below − 2.58 represent the 99% confidence of interval and z-score above 1.96 and below − 1.96 represents the 95% confidence of interval.
Data analysis. The heat map of z-score values for the hits of the screen at 3 or 24 h was created using java tree view (http://jtreeview.sourceforge.net/). 60 To visualize interactions between the hits of our screen we probed all hits in the Drosophila interaction database 38 and STRING. 39 Fly stocks. The UAS-sd-RNAi line was a kind gift of the Simmonds laboratory. ] FRT42D were from Nic Tapon laboratory. ey-FLP, UAS-mCD8::GFP; tubGal80 FRT82B, mex-Gal4, c724-Gal4, act-Gal4, cgGal4 and ey-Gal4 were obtained from the Bloomington Drosophila stock center.
Drosophila strains were cultured on standard cornmeal medium (http://flystocks. bio.indiana.edu/Fly_Work/media-recipes/bloomfood.htm) at 25°C. Flies used in the drug survival assay were cultured on standard cornmeal medium supplemented with 4 mM caffeine or 1 mM PB (both Sigma-Aldrich Canada Co.).
Secondary screen and survival screen. All UAS-RNAi lines were crossed to Mex-Gal4, C724-Gal4, act-Gal4 and Cg-Gal4. Fifty eggs of each genotype were transferred to vials containing standard medium, or standard medium supplemented with either 4 mM caffeine or 1 mM PB. The eggs were left to develop to the adult stage. We counted the number of adults eclosed and calculated the survival rate for each genotype as the percentage of adults eclosed compared with controls. Each genotype was tested in triplicate for a total of 150 eggs. Statistical significance was expressed as P-values of less than 0.01 (**) or 0.05 (*), as calculated by a Student's t-test (two-tailed).
Secondary screen and eye tissue analysis. All UAS-RNAi lines were crossed to the ey-Gal4 driver on a standard diet, and standard diets supplemented with 4 mM caffeine or 1 mM PB. After 3 days, the parental generation was removed from the vials and eggs were left to develop into adults. Two to 3 days after eclosion, adults were examined visually for alterations in eye morphology. w 1118 crossed to ey-Gal4 served as a control strain. Each genotype was tested in triplicate.
Preparation of protein extracts. Ten Drosophila L3 larvae were staged at 24 h after the L2-L3 molt. Heads were dissected from staged animals and mixed with 300 μl of cold lysis buffer (Ephrussi-Beadle Ringer's solution with 10 mM EDTA, 10 mM DTT, and Roche Complete Protease Inhibitor, Hoffmann-La Roche Limited, Mississauga, ON, Canada). Then, 150 μl of hot (70°C) 3 × SDS-PAGE sample buffer containing 10 mM DTT was added to the homogenate and incubated at 100°C for 10 min. Particulate matter was pelleted at 13 000 r.p.m. for 2 min, and the supernatant transferred to a new tube.
DNA cloning. Drosophila melanogaster total RNA was prepared from pupal tissue using the RNAeasy kit (Qiagen, Toronto, ON, Canada) according to the manufacturers protocol. Yki-transcripts were then reverse-transcribed with superscript III reverse polymerase (Life Technologies Inc.) with primer CACC-Yki-5′, 5′-C ACC ATG TGC GCG TGC CTA ATC GCT AAG-3′, Yki-STOP-3′, 5′-TTA ATT AAT TTT ATA CCA TTC CAA ATC GTC AGG TTT GTG G-3′ and Yki-NoSTOP-3′, 5′-ATT AAT TTT ATA CCA TTC CAA ATC GTC AGG TTT GTG G -3′ for yki cDNA with and without a stop codon, respectively. Purified PCR products were then cloned into the pENTR-D-TOPO vector (Life Technologies Inc.), sequence-verified for the long isoform of Yorkie (Uniprot: Q45VV3-1, CG4005) and subsequently cloned into pActin5C destination vectors bearing various tags (Drosophila Gateway Vector Collection) via the Gateway method (Life technologies Inc.). The cDNA for p53 was obtained from pAWH-p53 (Colombani et al. 42 ) with PCR using primers Dmp53PB-5', 5′-C ACC ATG AGT CTT CAC AAG TCC GCG TCG-3′ and Dmp53nostop-3′, 5′-TGG CAG CTC GTA GGC ACG TTT CTT AAG-3′. S2 cell transfection, stress stimulation and immunoprecipitation. Equal amounts of Schneider S2 cells were grown in HyQ TNM-FH medium (HyClone) in 6-well plates to~90% confluency (1.6-1.8 × 10 6 cells/well), transfected with 300-400 ng plasmid DNA using Cellfectin II (Invitrogen) following the manufacturer protocol and exposed to various stimuli: Caffeine stimulation: Cells were treated with 4 mM caffeine (in cell media), control cells were mock-treated with cell media and samples were incubated for 3 h. UV samples: were exposed to 300 J/m 2 of UVC-rays using a Hoefer, Inc. (Holliston, MA, USA) UVC Illuminator after removing and collecting the S2-medium for each well and washing with PBS. Cells were then incubated in their conditioned medium for 15 min (sample medium from each well was removed and kept at 25°C prior to UV exposure). ROS-inducing agents: Cells were treated with proteasome inhibitor (MG132) and 100 μM CdCl or 200 μM NaAsO 2 (in DMSO), control cells were mock-treated with DMSO and samples were incubated for 2.5 h. Heatshock: Cells were exposed to 25°C, 37°C or 4°C for 15 min prior to lysis on ice.
After treatment, cells were washed once with PBS and lysed with ice-cold lysis buffer (150 mM NaCl, 50 mM Tris (pH 8), 0.5% NP40, 1 mM EGTA, 0.5 M NaF, 200 mM vanadate, phosphatase inhibitor cocktail 1 (Sigma-Aldrich Canada Co.), and protease inhibitors (Roche) and immunoprecipitated using M2-FLAG-Agarose beads (Sigma-Aldrich Canada Co.) for 3-4 h. FLAG beads were boiled for 5 min at 70°C in SDS sample buffer and proteins were electrophoresed on SDS-PAGE (NuPage 10% Bis-Tris precast gels). Figure 7 Model for role of Hippo pathway in stress responses. Xenobiotic and other forms of stress induce an apoptotic stimulus driven by Yki, which interacts with the stress response transcription factor p53. The strong apoptotic response needs to be modulated in order to prevent cell death and tissue degeneration. The Hippo pathway is activated in the presence of cellular stress and acts as negative regulator of Yki/p53-induced cell death
